The ionization state of the substrate a-D-glucopyranosyl the substrate can be bound in either ionization state. The phosphate bound at the active site of glycogen phosphorylase has pH-dependences of the inhibition constants K1 for these two been probed by a number of techniques. Values of K, determined analogues, which have substantially different phosphate pK2
INTRODUCTION
coupled with studies of the pH-dependence of the bound and free resonances [19] . Useful compounds for these kinds of study on Glycogen phosphorylase catalyses the reversible phosphoroglycogen phosphorylase would be analogues of glucose-I-P which lysis of glycogen, generating glucose-I-P from glycogen plus are resistant to turnover or at least turn over only very slowly. phosphate. Despite considerable information on its threeThese compounds should be as close in structure to glucose-idimensional structure in both the T-and R-states [1] [2] [3] [4] , as well P as possible, retaining a diabasic moiety, and bind with similar as structures of various enzyme-substrate analogue complexes affinity. Ideally they should also contain at least one NMR [5] [6] [7] [8] , along with decades of mechanistic studies (for reviews see nucleus which resonates in a region free of protein resonances. refs. [9] [10] [11] ), the catalytic mechanism is still unclear. Ofparticular
Two glucose-I-P analogues that have been used previously with interest has been the role of the coenzyme pyridoxal phosphate glycogen phosphorylase are glucose-1,2-cyclic phosphate and 5-(PLP) in this mechanism. Numerous studies have been performed thioglucose-l-phosphate. The former compound, although it is a on the ionization state of the essential phosphate moiety of the very close analogue of glucose-I-P in many ways and binds well cofactor at various stages of activation, most notably by the to phosphorylase [20, 21] , nevertheless has only a monobasic application of 31P-NMR techniques. These have led to a number phosphate moiety and thus cannot become dianionic. It is of proposals for its mode of action, including one in which it therefore useful for some of the experiments proposed, but not functions as a Bronsted acid/base catalyst, protonating the for others. It is also somewhat hydrolytically unstable, dephosphate moiety of the substrate glucose-i-P on binding and composing over long periods in the presence of the enzyme thus assisting leaving-group departure [6, 11] . This latter proposal during 31P-NMR experiments, and generating products that was based primarily on results of 31P-NMR studies of the enzyme obscure enzymic resonances of interest (the PLP and, in the case in the presence of various activators and substrate analogues.
of phosphorylase a, the serine phosphate) [21] . The latter However, other studies involving PLP analogues [12] , as well as compound is dibasic but has a 31P-NMR spectrum that overlaps solid-state 31P-NMR studies [13, 14] , have cast very serious doubt with protein resonances. It has, however, proved useful in X-rayon the idea that the cofactor phosphate is involved in an essential crystallographic studies of enzyme-substrate complexes [22] . proton transfer to the substrate phosphate moiety.
Two analogues that would appear to be particularly suitable Relatively little attention has, however, been paid to the for such a study are 2-deoxy-2-fluoro-ac-D-glucopyranosyl ionization state of the bound substrate, an equally important phosphate (2FaGlcP) and ac-D-glucose-I-methylene phosphonate question as this is the group suggested to be protonated on (ldaGlcCP), both of which are dibasic ( Figure 1 ). The former binding. Previous attempts to determine ligand ionization states compound is known to bind to phosphorylase with a similar on binding to proteins have involved several different approaches.
affinity to that of glucose-l-P and to only turn over extremely These have included binding studies using isosteric analogues of slowly [23] ; further, its mode of binding at the active site has been fixed charge [15, 16] , and also analogues of different pKa values in determined by X-ray crystallography [7] . In addition, it has two studies of the pH-dependence of binding [17, 18] The second analogue has been synthesized previously [24] , but 
MATERIALS AND METHODS Syntheses
The syntheses of the following compounds have been described previously: 2Fa-GlcP [25] ; 2-deoxy-2-fluoro-a-D-glucopyranosyl phosphorofluoridate (2FaGlcP-F) and a-D-mannopyranosyl phosphorofluoridate (aManP-F) [16] . Synthesis of ldaGlcCP was achieved essentially by the method of Nicotra et al. [24] , except that the bromodemercuriation step was replaced by an iododemercuriation step, with a very significant increase in yields resulting from the lack ofunwanted removal of benzyl protecting groups, as follows.
To a solution of iodine (0.753 g) in 60 ml of dry methylene chloride, 2.1 g (2.7 mmol) of (2,3,4,6-tetra-O-benzyl-a-Dglucopyranosyl) methylmercuric chloride [26] , was added and left stirring for 18 h at room temperature. Iodine was removed by washing with 10% Na2SO2 and 5 % Nal followed by drying with Na2SO4. 19F-NMR spectra were recorded at 254 MHz using a 5 mm 19F-NMR probe. A spectral width of 10000 Hz was generally used and experiments were conducted using either broad-band proton decoupling or gated proton decoupling (decoupler on during acquisition only). A pulse angle of 50-70' (7-10 ms) with a repetition time of 100 ms was used during continuous decoupling, and a 900 pulse angle and a repetition delay of 3 s were used during gated decoupling. Chemical shifts are quoted relative to CFC13 (d = 0.00 p.p.m.) and were measured with reference to external hexafluorobenzene (d = 162.90 p.p.m.) contained in a concentric capillary.
The NMR titration of 'free' ldocGlcCP was performed by dissolving a simple (20 mM) in 100 mM KCl (50 % 2H20/50 % H20) then running 31P-NMR spectra after adjusting the pH as desired over the range of pH values from 0.5 to 10.7. Probe temperature was maintained at 28 'C.
Phosphorylase b was freed from AMP as described previously [30] , and dialysed into TEAD buffer (50 mM triethanolamine, 100 mM KCl, 1 mM EDTA, 1 mM DTT, pH 6.8) containing 50 % 2H20. For 31P-NMR spectra, sample volumes were 1.4-1.6 ml, and solutions of effectors (pH adjusted to 6.8) were added directly to the enzyme solution giving the final concentrations shown in the Figure legends. For 19F-NMR spectra, sample volume was 0.5 ml and enzyme concentrations between 0.6 and 0.68 mM were employed. Solutions of effectors were again added directly to the sample tube. Exponential line-broadening of 20 Hz was used before Fourier transformation, and all linewidth data quoted have been corrected for this
Kinetic studies
Initial reaction rates were determined by the Fiske-Subbarow phosphate analysis in the direction of saccharide synthesis as described by Engers [31] . The same TEAD buffer as was employed for the NMR experiments was used. Reaction mixtures were 0.2 or 0.5 ml containing 1 mM AMP and 1 % glycogen, and studies were performed at pH 6.8 and 30 'C, except in the case of pH variation. In these cases the same buffer system was used and the desired pH values were attained by addition of small volumes of 2 M HCl or 2 M NaOH. competitive with substrate glucose-l-P in each case studied, although unfortunately the small quantities of material available precluded such a study in the case of 2FaGlcP-F. Inhibition constants for two of these compounds, 2FaGlcP and dldaGlcCP, were also determined over a range of pH values within the pHstability range of the enzyme and these results are shown in the form of a plot of -logK, against pH in Figure 2 . Possible substrate activity of 2FoGlcP-F was examined by incubating the analogue (10 mM) with a large quantity of glycogen phosphorylase (10.2 mg) in the presence of the activator AMP (1 mM) and second substrate glycogen (0.5 %). After 48 h this sample was examined by 19F-NMR for the appearance of a resonance due to 2-deoxy-2-fluoro-substituted glycogen, as has been seen previously on reaction with 2FLXGlcP under similar conditions [23] . No such resonance was observed, indicating that no significant reaction occurred and putting a limit on the rate of any reaction that may occur of at least 10 times slower than that with 2FczGlcP, which itself was very slow (Vmax. = 2.8 x 104 ,umol * min-' * mg-').
RESULTS

Kinetic studies
Inhibition constants for a series of glucose-l-P and mannose-l-P analogues are shown in Table 1 . As indicated, inhibition was NMR studies The pH-dependence of the 31P-NMR chemical shift for the inhibitor ldaGlcCP free in solution is shown in Figure 3 . Fitting of these data to a titration curve using the program GraFit [32] yielded values of pK, = 2.0 and pK2 = 7.3 for the two ionizations 0 0 1. P. Street and S. G. Withers The NMR titration of ldaGlcCPwas performed by dissolving a sample (20 mM) in 100 mM KCI (50% 2H20/50% H20) and acquiring the 31P-NMR spectra after adjusting the pH. Probe temperature was maintained at 28 OC. Figure 4 . Figure 4(a) shows the spectrum ofphosphorylase b plus the nucleotide activator AMPS (2 equiv.) and the inhibitor ldaGlcCP (1 equiv.). Under these conditions AMPS is clearly quite tightly bound in the slow exchange regime, as evidenced by the separate signals for free and bound AMPS. This is consistent with the inhibitor stabilizing the activated R-state conformation of the enzyme. A single resonance only is seen for ldaGlcCP, suggesting that binding is in the medium-to-fast exchange regime, as expected for an inhibitor of this affinity (K1 = 0.7 mM). The resonance for PLP comprises two components, one at d= 3.9 p.p.m. The 19F-NMR spectra of the complexes of phosphorylase with 2FaGlcP are shown in Figure 6 . A small amount (20 % Figures  6(b) and 6(c) arises from 2-deoxy-2-fluoroglycogen formed due to the presence of small quantities of contaminating glycogen copurified with the enzyme [23] .
DISCUSSION
Comparison of binding affinities of phosphate-containing ligands with those of ligands in which the phosphate moiety is forced to be monoanionic through the conservative substitution of an ionizable hydroxyl has previously provided clear answers to questions regarding the ionization states of bound ligands. For example, the phosphorofluoridate analogue of AMP was found to bind to glycogen phosphorylase b some 65-fold more weakly (corresponding to a AAGO value of 10.5 kJ mol-1) than did the parent compound [34] . Similarly, phosphorofluoridate analogues of glucose-l-P and glucose 6-phosphate were found to bind 75-150 times more weakly to phosphoglucomutase (corresponding to an average AAGO value of approx. 11.3 kJ mol[1) than the corresponding substrates [16] . These results, coupled with the inactivity of the complexes so derived, clearly indicated that the dianionic form of the ligand was the active bound species in both these cases. Equivalent studies with glycogen phosphorylase did not provide such clear results. First, synthesis of the preferred monoanionic analogue, a-D-glucopyranosyl phosphorofluoridate, proved impossible because of the facile reaction of its 2-hydroxyl with the activated phosphate moiety yielding glucose-1,2-cyclic phosphate [16] . This necessitated the synthesis and use of phosphorofluoridate analogues that could not undergo this intramolecular cyclization reaction, namely the manno-and 2-deoxy-2-fluorogluco-derivatives. Studies with these analogues revealed similar affinities for the phosphorofluoridates and their corresponding dibasic parents, suggesting that either only the monoanionic species is bound or the enzyme binds monoanions and dianions with approximately equal affinity. However, should the former be the case, it might be expected that 2FocGlcP-F would be bound considerably more tightly than 2FaGlcP (pKa = 5.9) rather than three times less tightly. The simplest conclusion is therefore that the enzyme can bind the monoanionic and dianionic forms with similar affinities.
These conclusions are supported by the results of the study of the pH-dependence of binding of two of these ligands. As seen in Figure 2 , an essentially identical dependence of K, on pH is seen above pH 6 for both 2FaGlcP and ldaGlcCP. Fitting of both sets of data to an equation for a single ionization [32] suggests a dependence on apparent pK.t values of 7.1 and 7.2 respectively, essentially identical with that of PKa = 7.2 found previously for the Km value of glucose-l-P [12] . Previous work [31] has shown that the substrate Km in this system is a true dissociation constant, thereby validating this comparison.
The increase in K1 value below pH 6 for 2FaGlcP is of interest and probably arises from replacement of the substrate 2-hydroxyl by fluorine as no such effect is seen with IdaGlcCP or with substrate glucose-l-P. The X-ray-crystal structure of the 2FaGlcP-phosphorylase b complex [7] provides a clue to the source of this induced pH-dependence. Interaction of Glu-672 with the 2-position was abolished on replacement of the 2-hydroxyl by fluorine because the side chain of Glu-672Amoves significantly away from the sugar in the structure, with 2FaGlcP. Previous work [23] has suggested that Glu-672 is deprotonated in this complex, the hydrogen bond to the 2-hydroxyl keeping it deprotonated across the pH range. On removal of this interaction it is feasible that the side chain might then be protonated at lower pH values, decreasing the affinity of the 2FaGlcP as seen. This lower pH ionization (pK. = 5.5) may therefore be that of Glu-672. The pKa value observed is certainly within the range expected and seen previously for glutamic and aspartic acid side chains in proteins.
The NMR studies performed also suggest that the substrate can be bound in either ionic form. The chemical shift of free ldaGlcCP was shown to be sensitive to the ionization state of the phosphonate moiety, yet binding of this ligand to the protein in the presence of activator AMP and substrate glycogen results in only a very small (Ad = 0.25 p.p.m.) upfield chemical shift of its resonance. Assuming that this shift indeed reflects a change in ionization state of the phosphonate moiety, this would imply a slight increase in amount of the dianionic form of the ligand. However, as there is a difference of approx. 4 p.p.m. between the chemical shifts of the mono-and di-anionic forms of the free ligand, this change in dianion concentration on binding is very small. Further, as in free solution at pH 6.8 some 71 % of ldaGlcCP is present as the monoanionic species, this would reflect a small shift towards binding of the two species with roughly equivalent affinities. As has been noted previously, however, [35] interpretation of 31P-NMR shifts is a hazardous occupation, thus further confirmation of the above result was required.
Such confirmation was obtained through a 19F-NMR study of the binding of 2FaGlcP to phosphorylase, again in the presence of substrate glycogen and activator AMP. This kind of study should be quite informative because, although the 19F-NMR chemical shift is probably sensitive to the ionization state of the adjacent phosphate, it should be relatively insensitive to factors such as distortion of P-O bond angle, factors that would severely affect the 31P-NMR chemical shift and compromise the interpretation. The study requires that the 19F-NMR chemical shift of 2FaGlcP be sensitive to the ionization state of the phosphate. This indeed is known to be the case because a substantial difference in chemical shift (Ad = 1.2 p.p.m.) is seen on conversion from monoanion into dianion [25] . It further requires that changes in 19F-NMR chemical shift on binding due to local environmental effects or substrate distortion, rather than changes in ionization state, be minimal. The three-dimensional structure of the phosphorylase b-2FaGlcP complex [7] revealed no such substrate distortion, and in order to provide some measure of whether local environmental effects might be important, the binding of 2-deoxy-2-fluoroglucose to phosphorylase was monitored by NMR (results not shown). No change in 19F-NMR chemical shift was observed, although linewidth changes were observed that were consistent with the binding of the ligand. This implies that any changes in chemical shift observed for 2FaGlcP probably reflect true differences in ionization state.
Titration of phosphorylase b with 2Fa.GlcP resulted in linewidth changes for the ligand that were consistent with its binding to the protein. However, no significant change in chemical shift, which must be a weighted average of that for the free and bound forms, was observed, suggesting that no significant change in the ionization state of the ligand occurs on binding. As the titration was performed at pH 6.8 and the pK. of 2FaGlcP is 5.9 [25] (by way of comparison, the pKa of glucose-1-P is 6.1 [36]), the ligand must exist in free solution primarily in its dianionic form and the data suggest that it is also bound to the enzyme primarily in that form under these conditions. It would therefore appear that glycogen phosphorylase can bind substrate glucose-l-P in either its monoanionic or dianionic forms, with no great discrimination between the two.
These results are incompatible with the hypothesis that PLP and the substrate phosphate are involved in a proton-transfer relay, at least in the ground-state enzyme-substrate complex, as no appreciable proton donation was observed by 19F-NMR in the 2FaGlcP-enzyme complex. However, it does not exclude the possibility that reaction occurs via a small percentage of the protonated substrate or that extensive proton donation occurs only at the transition state. Nonetheless, as the proton-shuttle hypothesis was based largely on results obtained from 31P-NMR studies performed on ground-state enzyme-ligand complexes, although this study revealed no proton transfer under equivalent conditions, some doubt is cast on the interpretations of those experiments. A second line of evidence against the proton-shuttle hypothesis comes from the 31P-NMR studies on the ldaGlcCP-phosphorylase-glycogen complex. Formation of this complex is accompanied by changes in the PLP resonance that are essentially identical with those occasioned by the binding of glucose-1,2-cyclic phosphate [21] or pyridoxal 5'-diphosphate glucose [37] and were interpreted as reflecting either the formation of a protonated coenzyme phosphate in the intermediate ex- change regime, or a constrained and distorted dianionic coenzyme phosphate moiety [21, 37] . Klein et al. [38] argued that, as glucose-1,2-cyclic phosphate has a very low PKa value and thus could not be protonated at these pH values, the results obtained were not representative of the situation with normal substrate. However, observation of essentially identical results with the ldaGlcCP (pK. 7.3) indicates that this is not the case. Further, it is highly unlikely that the shifting and broadening of the coenzyme phosphate resonance on binding ofsubstrate analogues observed here or elsewhere [38] is due to proton transfer between the two phosphates, given that extensive proton transfer could not occur with the compounds of lower pKa. If the broad resonance observed for the coenzyme phosphate in the presence of substrate does reflect an exchangeable protonated phosphate, the exchange cannot be with the substrate, but must be with other residues in the active site.
